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Peptlde-medlstecf cellular delivery 
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Address appropriate in well characterized, monogenic diseases, for 
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rawj% emerged us an sUemilm nwm to effectively substitute or The lack of predictable safety and efficacy stacndayds in 

augment present gem Umapy ixktwhgm, eg, TAT, VP22, somatic gene therapy systems, has brought the whole field 

engineered peptides. These systems show great promise for fix to a crossroads. Replication-incompetent viruses, naked 

elimination if ike mm bottleneck to mfe. efficient, iargeted gene DNA injection and liposomal agents have bean the 

therapy delivery and m* sbk to efficiently introduce DNA, aniimzse predominant means of genetic transfer. To date, there has 

peptide nucleic acids, oligonuckaiides, &>mii molecules and proteins been little lasting impact in the typical practice of medietas 

mt0 *° th iB «*» *«* * ^ ^ pen*d& a»sa' «k% conferred by these gene them&y technologies. The crux of 

designed to JRa^OKife « swmiw <jf stwq& flJfn&afcs ropcind jfr tKidav's gene therapv dilemma is shil the same as it has 

epaetsi awgo ^ A jwm*mtalty nets property of these & | wa ' vs been: efficient, safe, targeted delivery and persistent 

«so«iM9 wsfc fte Mmpute mtmxntmi in fhe iKKkmmry of ~ eneexprassioa ri ~,61. 
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ikgt/$ndmgsJiimr-, peptide-based gene ddivwy aganis are 

Iritro&ietlOf! emerging as sitemative* for safer f» ww cteilvey. The main 

Each cell in the body has a. specific function and fate. attraction of these peptide systems is their versatility. 

Begukted gene expression detern-iirses the character of the ^«piide-based dtS&very systems have the ability to deliver 

cefis ki each organ,WweJl as their proper function. Residing dierapeutic proteins, hioacHvs peptides, small molecules 

within every somatic ceil of the body is the exsaptete genetic an< ^ s ^ adds, The use of these agents aHows 

infofmatSott required to make an enhre organism. There are fee researcher to intervene at multiple levels in the calls 

more than 190,000 genes in the human genome, but only a geftehes and biochemistry and is a fundsmental new 

subset of genes are active in any cell at any given time. The technology in the gene therapy field [7*3*}. 

correct regulation in temporal and spatial expression of the 

DN. f A blueprint is critical for proper ceikdat function. Peptide delivery' agents are more like traditional 

Disreguistion of the genetic program by mutations in DNA pharmacologics] drugs than gene therapy vectors. With the 

usually results in pathology (eg, cardiovascular, cystic past to guide us, a critical re-evalwstion of the best 

fibrosis, hemophilia and cancer). characteristics for an ideal delivery system is in oidex. The 

desirable features may indude the items displayed in Table 

The standard paradigm of somatic ceil gene therapy is the I- Peptide-based systems seem to have many of these 

ability to transfer genetic material into a non-germ diseased features inherent in their design, or can be easily engineered 

ceil to induce a permanent cure. Gene therapy is especially to encompass them. 

Table 1. Sesirs&te features Jar a pepSid©-haseci daiivery systass, 

■ ■ iiiiiiiiiiiiiiiiiiiiiiii— — — — ... iiiiiini 

| B.^^dant sffety features I 

I Efficient transit into ceiis in vivo " "" " """"" 1 
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| AW^e to molseutsr desien and ensfrwertngT | 

| gasiiy and inexpensiv eiy produced at t ijgh putty ' 

I Efficient 't argeting 

| N^lM^:?j^^.j<;«,^ig^c Qi" fetersyaSory. ~ "" ~ "* 

I Adaftisbks to a n y oeii t^gs of cais of tissue"" — ...^ 

L™^2r±t?s«Md b|od^radabie [ " ~ 

| Easy, ^-^vaaivs administf ^iCjj__ " ' 

t . Sutiseient serum haJMfe ~ ' ~ ~ "'" 
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State-of-the-art of gene delivery systems 

Viral delivery systems have beer, state-of-the-art for some 
fone now, The most mature viral technologies are based 
uvon engineered retroviruses, adenoviruses and adeno- 
associated viruses. Many adenoviral gene therapy protocols 
yety on the vascular system to deliver virus fc> the liver by 
intravenous {iv.» injection, or transduction by inhalation. 
Severe adverse events can 'ana sometimes do occur with 
direci injection or adenovirus. These adverse events are 
usually a re&uii of direct immunogercirity anU antigenicity of 
the virus or viral proteins. Almost half of the human 
population has circulating antibodies to adenovirus. Thus 
many humans are already 'pruned' to resist adeoovirus- 
hissed therapies. These problems and DNA cargo sixe 
constraints have hampered the effective use. of these vectors 



Liposome delivery systems are another mature technology 
for gene delivery. Liposomes are synthesized lipid micelle 
forms, which can incorporate DMA and proiems. Mixed 
micelles of positively charged and neutral lipids bind 
electro-statically with the backbone of the DNA to be 
delivered. This complex shields the cargo from degradation 
and helps transit across the lipid bliayers of ceils. There is 
inherent competition in the assembly of micelles and the 
subsequent unpacking of their DNA cargo. This results from 
the affinity of the lipid head group for the DMA. This lipid 
interaction can hamper gene transit to the nucleus from the 
cytosoi and therefore expression. Liposome- DNA 
preparations injected into the tail vein of rodents typically 
elicit a transient bolus of expression. In many experiments, 
the lipid is rapidly absorbed onto serum proteins in the 
liver. Lipid toxicity. Sack of targeting and the lack of long- 
term expression are problems associated with this gene 
therapy technology. However, new preparations of lipids 
have addressed some of the toxicity and targeting issues, but 
long-term in vivo expression of cargo alleles remains 
transient. 

Other non-viral delivery systems have been investigated as 
gene therapy delivery modalities. Delivery of genes and 
c>ther molecules into ceils car. also be accomplished by 
microinjection, eiectroporahon, encapsulation within 
polymers, or other physical means. There have been other 
non-viral delivery alternatives designed and tested in the 
last few years. These mainly rely on organic polymer 
technologies, in such systems the polymer backbone is 
conjugated with biological peptides, such as RGD motifs, 
which facilitate the delivery 19-12}. It is still too early to 
assess {heir feasibility for clinical human gene therapy due 
to their relatively complex manipulation, lack of specificity, 
potential cellular toxicity and hnmunogenlcity /antigenicity. 

Most gene therapy agents that are in use today have only 
some of the attributes listed in Table L Not every feature on 
the list needs to be included for a locally effective treatment. 
For example, a small number of ceils transduced by die gene 
therapy vector can elicit rumor regression. Transient 
expression of herpes simplex virus thymidine kinase (TK) in 
part of 3 tumor allows the killing of the lesion by die 
prodrug ganciclovir. The TK protein leaks out of dead and 
dying cells and is then taken up by neighboring tumor cells. 
Tins makes the untransdoced ceils equally susceptible to 



death because of ganciclovir's toxicity. The bystander effect 
can allow killing of the majority of the * stoat by transducing 
a small portion with a prodrug activa tor gene. 

The early promise and the reality 

In die early 1990s retroviral gene therapy protocols were 
used to treat ADA patients with limited success [13-15]. 
These trials typically relied on the ability of engineered 
retroviruses to efficiently enter and establish themselves in 
dividing cells ex vivo. Ceils were transplanted back into the 
patient and the ADA gene product was expressed. The 
patients transiently expressed enough ADA protein for a 
time and then die expression decayed to non- therapeutic 
levels requiring the resumption of standard treatment 
regimes (the iv infusion of ADA protein), Complications 
encountered in this trial included the possibility of initiating 
cancer by insertions! mutagenesis of the host cell with 
retroviruses and the lack of sufficient long-term expression 
of the transferred allele. Lack of expression of the 
transferred gene resulted from several problems Including: 
inefficient transduction, regrafting, immune factors and 
transcriptional silencing of the viral promoters by 
tiom 



Peptida-medi&ied delivery 

Many peptide- and protein-mediated deliver).' systems have 
been reported (Table 2) ri^2C,21»»,2^»»^3^,25««,26^?,28*, 
29-34]. However, several barriers to their use as delivery 
agents exist, such as degradation by cellular proteases and 
nucleic acids by nucleases in vivo, efficient uptake into ceils 
in the absence of specific receptors and transporters and 
escape from the enaosome/lysosomal compartment, These 
are surmountable obstacles; which are amenable to rapid, 
rational engineering design and analysis. 

The transit of peptides and protems across lipid biiayers is 
generally energetically unfavorable. However, there are 
several naturally occurring proteins, which can pass across 
die membrane unencumbered by the need for specific 
transporter schemes. Some examples of this type of protein 
are untennapetiia {Dmvpktk), Tat (HIV) and VP22 (herpes). 
Several peptides derived from -these (and other) protein 
sequences are available that can efficiently enter mammalian 
cells, transit to the nucleus or cam' molecular cargoes into 
the ceil {Table 2). 



HIV Tat protein 

The 36 amino acid H1Y transcriptional activator protein Tat, 
can be synthesized in one cell and then released and 
transited into a neighboring cell 135,36]. A receptor- 
mediated event is not required for TAT to pass into a 
neighboring cell. HTV4, as well as all other ientiviruses, 
encode a patent Tat. This protein binds to specific regions of 
the virus genome star) and recruits cellular factors to 
increase the efficient transcription of the provhra! genome. 
Tat is an important virulence factor of HiV infection. The Tat 
protein has three domains; the cysteine- rich, basic and 
mtegrin-Mnding regions. This protein has many effects on 
various host cells including being pro-angiogemc in 
endothelial cells [37,38], 
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Table 2. P^ptlties used in i)H&, oHganacteotidsjs, peptide and protein beSIVejy. 
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Sing!® fetter code for amino acids are used for peptides, The sizes range from 11 to 46 kDs. There are no obvious consensus sequences 
or conserved fneSfe. Soros have posliivafy charged residues for DMA binding, ano clusters of nvdreoncbic residues, ©specialty thoss with 
aromatic side chains, which presumably further oorasafise DMA and facilitate roemorans tf««}ocafior». Tms list is by r» meat* complete. 
*Ni_S » nuefsar localization signs;, only o«s NLS is issiso here amwugh there are many variations of NLS thai: have been described, Derosss 
«* a/ ^22»*1 ttescrieed a table which Ssied many vacations of ANTp &tc lis derivatives. pi«* ei si |17? have iistsd merer more branched 
pep^es; ohiy throe examples are iisied here. 
HA => Mot apptioabis 



A Tfit-derived peptide that can traffic across the membrane is 
the protein transduction domain (FfD); which is only 11 
amino acids kmg. Ptt>tem transiatiomi fusions with this 
sequence (YGSKKRRQJRBS.) transit erBdentiy across fee 
mammalian celi mesnbrana in vitro and in vwo irio ths nucleus. 
50 Proteins from 15 to 120 kOs have been tested and ali enter 
target huxsan and murine cells effider.tiy [2'i"»39j. 
Additionaiiy, biosctive peptides wi& the FTD appended 
remain bioiogica% active with &e appended transit sequence. 
These cheniicall\r sj'nthesK/ed peptides can rapidly piiss into 
cells, accimiuiating in fhe nucleus, 

Traiislahonat fusions of the 120 kDa p-gaiactosidase with Tat 
have been synthesized and injected irsto flie peritoneum of 
mice [21«*]. The remarfcsbie results of these studies indicates 
tha t the TaMagged protein is rapidly taken up by aii toe 
cells and tissues in the mouse, including the brain. The 
blood-brain barrier is usually only accessible to small, 
lipophilic molecules, p-G&lactosidase crossiinfced to 35 
amino aod Tat peptide can also be effscsentiy internalized, 
in both of these studies;, the cell-associated g-galaciosidase 
proiein was active in in situ and I'ACB anarysis. 
interestingly, the crosslinked pl-gaiactosldase was reported 
not to accumulate In the brain of mice. 

The discrepancy between the earlier report by Faweil ei al 
\0l and the recent report b>- Schwarze ei si may be a result 
of differing sample preparation times or different means; of 



preparing the 0-galactosidase protein. The sampling time 
reported by Faweil si id [40] was about 20 sun, while a 
recent report quoted several hours {2'1*»], Schwarze & el 
describe a method for p-gataciosidase pt&p&x&ikm which 
may yield 'misfolded' protein 121**1 hut the 'molten globule' 
appearance of ihe 0-galactosidase may aid in its transit 
ScKwafase ei si used, totrapentoneal delivery rather than tail 
vein injections J2S»»}. Further investigations into the mode 
of entry and biophysics of Tat chimeras in transit through 
biological membranes are warranted. 

Unfortunately, there is no apparent specificity In ti»e transfer 
of the fS-gaiacios;dase protem into any cell type. All ceils 
seem to incorporate the p-gaigetosildase fusion |21**J. If this 
method were to be used to deliver the gancyciovir prodrug 
activator, herpes thymidfne kinase protein into ceils, then 
unwanted collateral ceil death would result. The inclusion of 
a dominant targeting domain in the chimera could eliminate 
this type of damage, 

Drmophiia homeoproteln anl«n«ap©dia 

The DrcsopkBa horneobc protein antennapedia (ANTp) is 
capable of transiting across the membranes of animals and 
aca^sg at « dititance I22»«|. The biology of ANT has been 
reviewed by Dom ft a} {4i**|. Briefly, homeohox genes 
specify spatial unite of body plan. There is a ISO bp 
homeobox sequence upstream of the genes which encode a 
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DN ! A brodkig site for the homeotic gene products. Mosneotic 
genes are helix htm helix protein*. A derivative of 60 amino 
acids of ANTp cars translocate across ceil membranes and 
bind to the homeobox sequence. The 16 amino adds 
(SQmWFQNSRMKWKK) of the third helix of ANTp {part 
of the 60 amino adds) have beers identified as the minimal 
unit which can cross the membrane bilayer and eventually 
accumulate hi the nucleus. Interestingly, the presence of a 
neural ceil adhesion molecule (MCAM) Khked to a-2,8- 
poiysiafic acid increases the efficiency of transit 4-fold- The 
internalization of ANTp is energy-independent and 
functions efficiently at 4 °C, suggesting thai the translocation 
mechanism may be based on amphipMlidty. liferent 
derivatives of this peptide have been synthesized and tested 
for entry and are reviewed by Derossi et el [22]. The results 
suggest that the entry of ANTp redes on key tryptophan, 
phenylalanine and glutamine residues. Rsrfherrnoie, the 
ratroinverss and all D-anhno acid forms also are 
translocated efficiently. Therefore, a specific helical structure 
is not a prerequisite for membrane translocation entry. A 
proposed means of ANTp entry is that there may be a two- 
step interaction.. The first step is the electrostatic 
approximation of the positively charged residues to the 
negatively charged cell surface. Secondly, the hydrophobic 
residues may facilitate interaction and toanslocatian with the 
membrane. The presence of a~2,8-poiyslalie acid increases 
the net charge of the cell surface, aiding this type of 
interaction. The association of the positively charged ANTp 
with the negatively charged sialic acid chains would yield a 
neutral sialic acid and result in a local pH change at the ceil 
surface. This pH change might induce the insertion of the 
ANTp into the hydrophobic membrane, which would 
concentrate the ANTp on the cell surface and allow 
hydrophobic forces to take hold, permitting entry. Exit of 
the ANTp-sialic acid complex would occur as a result or* 
transition to the more neutral pH of the cytosol. This 
buffering pH shift would result in the release of ANTp. 
Entry is no: dependent on sialic acid and ANTp transduces 
many cell types that do not express this material. The 
passage of ANTp from the cytosol to the nucleus can occur 
by passive diffusion. However, the rate of nuclear entry and 
the abundance of basic residues infer the presence of a 
nuclear localization sequence (NLS). The successful 
transduction of DNA that is larger than oligonucleotides has 
not yet been reported, but many biosctive peptides have 
been shown to traffic into cells when the ANTp sequence is 
added to it (Table 2). 

ttorpess virus VF22 

Herpes virus VP22 tegument is another unusual protein 
molecule, which can efficiently traffic across cell membranes 
i42*»43,44M5-47|. It is so efficient that expression in a small 
population of ceils allows VP22 protein to traffic 
teiercellularly to all ceils of the culture. This protein 
concentrates in the nucleus and binds to chromatin. VP22 
appears to traffic through the membrane via non-classical 
endocytosis and can enter ceils regardless of CAP junctions 
and physical contact's [45]. Transit of VT22 is susceptible to 
actin cytoskeletor, disruption. This protein colocalizes to 
cellular microtubules and causes them to reorganize info 
bundles. VP22 is also the target of phosphorylation. During 
viral infection, the VP22 that accumulates in the nucleus is 
phosphojrylated, while that found in the cytoplasm is not 



This phosphorylation is likely a result of casein kinase 0 i 
activity, as VP22 has four aroi.no proximal serine residues in .] 
consensus sites. The last 34 amino acids are critical for ! 
transit li is- important to note mat only cnrbosyhterrninaS j 
translational fusion proteins can be carried into ceils. The 
biological activities of several proteins (p53, GFP, thymidine 
kinase and others) have been investigated as translational 
fusions with VP22 j[44*,45,46j. The VP22 cionsug arid 
expression system is now commercially available to J 
investigators {Invftrogen Inc, hitp:/Amw.inpHro^n.com}, § 

Approximately half of ail cancers have diminished p55 activity f 
[48,49], Supplementing a 'good' copy of the gene product to I 
these cells could induce them to undergo apoptosis and kill the 
tumor. The Y?22~p53 durnerleal protein retained its ability to 
spread to between ceils and its prospoptotic activity, and had a 
widespread cytotoxic effect in c>53 negative human 
osteosarcoma cells "44*]. Normal and supernormal levels of | 
p53 are not usually harmful to normal calls. Unwanted side 
ef fects should be minimal with this type of cancer trea tment. 

■I 

HSV-TK linked in frame with VP22, was transported | 

between the cells of a neuroblastoma culture and had TK 

activity. These cells are GAP junction negative [461. § 

Treatment of tissue culture ceils sransfectad with TK protein 

alone, or VP22-TK protein with gancydovir demonstrated 

ths t only the VP22-TK-trea ted cells died. Tumors established I 

with a neuroblastoma cell line expressing W22-TK 

regressed, while those expressing TK alone did not £461. I 

These results suggest that this novel method of cancer | 

therapy holds promise in the dink. | 

VP22-GF? (DNA expression plasmid) was tr&nsfeeted into | 

COS7 cells. These ceils were then cocultured with target I 
C2C12 myotubes. The C2C12 cells were permissive to 

efficient W22-GFP entry {4$}. Terminally differentiated § 

skeletal muscle cells were also transduced with a VP22-GFP | 

protein, which suggests that mitosis is not a requirement for f 

efficient entry '46]. | 

I 

Unfortunately, immunogenic! iy may be a problem with J 
VP22 chimeras. \T22-reactive T-celis may have a role to 
play in the control of recurrent HSV infection. The antiviral 

functions of infiltrating CD4-heahng T-celb may include J 

cytotoxicity, inhibition of viral growth, iymphofcine | 

secretion and support of humoral and CDS responses. Viral f 

VP22 and dUTPsse are known to be T-cell antigens [501. | 

Analysis of the clonal reactive attributes of T-celis recovered | 

from herpetic lesions from several patients proved this |> 

point. Some VT22 CD4 T-celis exhibited cytotoxic activity | 

against HSV infected cells. VP22 and dt'TPase are now | 
being evaluated as possible candidates for protective 
vaccination epitopes. While many of the attributes of VP22 
are laudable, the fact d;at there might be a vigorous immune 
reaction to the chimera in moo should be considered 
carefully when using this method in human gene therapy. 

Other pepilde-mediated gene delivery !' 
systems i 

Peptide-mediated delivery systems including transporter), ¥ 

MPG, SCWKa, 0LARL)n, HA2, ROD, NTS, loltgomer and f 

others (Table 2) have been reported. Transportan, is a f 

chimerical peptide derived from the first 12 residues of i 
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gaiarsm connected by an e-amino of a lysine wife a M 
residue arsastopasraa Masioparan can effectively deliver 
oligon-udeotides into ceils in culture and aniKials to block 
cell signaling activities (24). The MPG peptide is also a 
chimera; it is comprised of pari of the HIV gp42 protein and 
the MLS of SV40 large 7-aatigen. MPG car* act a potent germ 
delivery agent [31,32], The cell adhesion mots? KGD linked 
with cligolysirse has been reported to deliver genes into" cells 
(26). Alterations of the region bouridirkg fee RGD motif also 
allow ceil type-spedSc targeting. 

Conclusions 

Peptide" and protein-mediated gens delivery systems are 
currently not fee stele-of-fee-art choice fear delivery. However, 
these systeoss are extremely versatile and amenable to rational 
design and modification. Peptides can also include many 
unique features like ceil tropSsm and flexible cargo delivery. 
Problems of antigenicity inherent in peptide system design can 
be eliminated or irarvtrnized. ANTp has been shown to be only 
weakly immunogenic in mice. In vitro protein /peptide 
evolution and m vivo phage-display technologies [51**^52,53, 
ktip!//mtm.pkyk$.£ati$ allows the discovery of additional 
peptides/ proteins thai are more efficient:, safe and specific for 
targeted delivery. We expect that out of this emerging fleid, 
peptide systems will play an increasing role in targeted 
molecular therapeutics and gene therapy, 
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